Abstract. Hot and humid environments are ubiquitous in some special workplaces, such as deep mines, aviation, and military territories. High-temperature radiation is a serious threat to the health of high temperature operation personnel. Exposed to high temperatures for a long time will inevitably lead to dehydrations, heatstroke, or even death. Based on the particularity of the hot work environment, as well as the principle of thermoelectric refrigeration, the related properties of semiconductor cooling garments was studied, which provided some basis for further design. To determine the optimal working conditions of cooling garment with the help of a water-cooled radiator, voltage from 0 to 12 V was adopted to find the optimal voltage. Meanwhile, the refrigeration performance was tested for different mass flows and heat-dissipating methods. The studies showed that for two water different radiators, the aluminum water-cooled radiator was viewed as the optimal choice for the refrigeration garment. For the semiconductor refrigeration garment, there was an optimal working voltage of 2 V. Among these four different mass flows, the flow of 0.0056 kg/s was the optimal choice under the experimental conditions. Among these four different combinations of cooling methods, the effect of a combination of water cooler and radiating film was the best, whereas the combination of water cooler and fan was the worst, however, water cooling was second to none under the experimental conditions.
Introduction
Hot and humid environments are ubiquitous in some special workplaces, such as deep mines, aviation's, and military territories [1, 2] . Heat damage not only affects workers physical health, but also makes their work enthusiasm and work efficiency greatly reduced, which increase incident rate and even lead to dehydration, heatstroke, or death [3] . In recent years, thermal damage, whose prevention and control have become one of the major threats for workers working at high temperature, has to be solved, which not only seriously affects the physical and mental health of workers, but also influences the work efficiency. To remove the hazards resulting from long-term exposure to hot environments, it is necessary to eliminate or reduce heat accumulation in the body [4] . With the development of thermoelectric material (TEM) [5, 6] and thermoelectric cooling technology [7, 8] , its cooling performance has been significantly improved. The heat absorbed by the Bi-Te system was 28.42 % higher than that by the Pb-Te [9] . In addition, it has been applied in all walks of life, such as net zero energy buildings [10] , thermoelectric refrigerator [11] , a thermoelectric cooler for CPU [12] , and thermoelectric air-conditioning system [13] . Cooling efficiency of the semiconductor is greatly affected by temperature of its hot and cold sides if others maintained at the same conditions. Thus, it is possible to improve cooling efficiency of the semiconductor by different heat transfer conditions. There are such four common heat dissipation ways as fan cooling, heat pipe cooling, heat pipe with fan cooling and water cooling. Among these methods, the performance of heat transfer with water cooling is the best [14] . Furthermore, coefficient of performance (COP) in the thermoelectric refrigeration was improved by the optimization of heat dissipation [15] . The heat exchange systems, comprising a water-air system, a finned heat sink with fan and a heat pipe with fan, were studied, which demonstrated that relevant improvements can be made in efficiency of thermoelectric cooler (TEC) by the proper optimization of the heat exchangers [16] . For higher COP in liquid chiller, a thermoelectric module with relatively long thermoelements is needed [17] . Han et al. [18] obtained the influence on refrigerating capacity of semiconductor and the interaction between heat emission and the voltage. In this study, the optimal working condition of semiconductor refrigeration garment was determined, including its working voltage, cooling methods, and mass flow.
Experimental System

Experimental Equipment
As shown in Fig. 1 , this experimental system consists of five parts including the thermoelectric cooling system, water-cooled system, data collecting system, high temperature environment simulation system, and temperature control system. Among these five parts, the thermoelectric cooling module uses the type of TEC-12708 semiconductor chiller, whose dimension is 40×40×3.4 mm 3 [19] . Other parameters included the maximum temperature difference of 66 °C, the maximum current of 8 A, the maximum voltage of 12 V, and the maximum cooling capacity of 68.9 W. During the experiment, the chiller was connected with an adjustable power supply to find the optical voltage. As for the cooling system, the water-cooled box was used to meet the cooling demand of hot end, through connecting the chiller hot side with an aluminum water-cooled box, whose dimension is 40×40×10 mm 3 . To ensure sufficient circulation water in the cooling box, the cooling box was made into an "E-shaped" structure. The accuracy of ADAM 4018/4018+ data acquisition module can reach 0.1%, which can realize the function of overvoltage protection. With regarding to high temperature environmental simulation system, water bath was adopted for heat preservation. For the temperature control system, the temperature controller was applied to ensure the ambient temperature of 40 °C, which was governed by a relay. 
Fig. 1 Experimental system
Measurements
At the external temperature of 33 °C, the simulation chamber is set to 40 °C through water-bath heating. The adjustable power supply provides the semiconductor chiller with different voltages from 0 to 12 V. The operating current and voltage of pump are 0.81 A and 12 V respectively. The circulating water flow rate of water cooling box was controlled by a glass rotameter. The circulating water temperature keeps for 40 °C during the experiment. To improve accuracy, the experiments were repeated at least five times to ascertain the recorded data accurate enough. There exists an optimal initial steady current which provides the maximum cooling temperature enhancement [20] . First of all, two kinds of water-cooled radiator for different materials, copper and aluminum, were tested. As shown in Fig. 2 , for water-cooled radiator of different materials, TEC's cold side temperature decreased first and increased afterwards, which reached the minimum at the input voltage of 9 V. Furthermore, TEC's cold side temperature difference between them became larger and larger, but they were so close when the voltage was less than 5 V. In addition, the cooling effect of copper water-cooled radiator is more obvious than that of an aluminum radiator, but the mass of copper is twice higher than aluminum for the same volume. Based on all these factors, the aluminum water-cooled radiator is viewed as the optimal choice for the refrigeration garment. Thus, the following research centered on it.
Results and Analysis
Analysis of the
Analysis of the Cold Side Temperature for Different Mass Flows
In the experiment, TEC's cold side temperature was obtained while providing it with different mass flows. The results are shown in the Fig. 5 . It is shown in Fig. 3 that the temperature decreased with the increasing flow rate. However, their mutual temperatures were so close for the flows of 0.0056, 0.012, and 0.0168 kg/s, which showed a relatively significant decrease at the flow of 0.024 kg/s. Since our purpose is to determine the appropriate mass flow of the refrigeration garment, which means comprehensive factors should be taken into consideration, like body comfort, instead of simply paying attention to the cooling effect. On one hand, the body will be unbearable if the flow rate is too large. On the other hand, the cooling effect will not be enough for refrigeration if it is too small. Based on all these factors, the flow of 0.0056 kg/s is the optimal choice under the experimental conditions.
Analysis of Temperature of Cold Side for Different Tec Input Voltages
To gain the optimal voltage of refrigeration, the temperature of the cold side was tested for different TEC input voltage. As shown in Fig. 4 , the temperature trend of cold side presented obvious regularity respectively in spite of four different cooling modes, which include a water cooler, a combination of water cooler and fan, a combination of water cooler and radiating film, as well as a combination of water cooler, fan, and radiating film. The temperature of cold side declined to the minimum and then rose with the increasing TEC's input voltage, which meant there was a minimum temperature of cold side during the effective voltage range. As for refrigeration garment, however, the temperature range is an extremely important parameter for designing. Based on long-term investigations of many scholars, a proper comfortable degree of human body was established which included the garment microclimate temperature of 32±1 ° C, humidity of 50% ±10% and the airflow of 25±15 cm/s [21] . Here, since there is a demand for comfort in human clothes, the more appropriate method is to make microclimate of the garment within the temperature 32±1 °C. However, our experimental subject is a dummy model. Ignoring problems of its heat radiation and air flow, the TEC input voltage of 2 V is selected as the optimum voltage.
Analysis of Temperature of Cold Side for Different Heat-Dissipating Methods
Wang et al [14] studied the effect of four different heat-dissipating methods on refrigeration performance, which includes air-cooler, water-cooler, heat-pipe, as well as a combination of heatpipe and fan. This part is aimed to investigate some heat-dissipation methods related to water-cooler. The temperature of cold side for different heat-dissipation methods is directed in Fig. 5 . Among these heat-dissipation methods, a combination of water-cooler and radiating film is the best way, whereas a combination of water-cooler and fan is the worst. Thus, it showed that the radiating film was favorable to heat dissipation of hot side, while the fan was unfavorable to that of hot side. That is the reason why the TEC cold side temperature with fan cooling is higher than others. Moreover, water cooling has been able to achieve the demand of body comfort and simplify the radiating structure compared with other methods, accordingly it can be regarded as the best choice under the experimental conditions. So far, we have discussed the effect of different mass flows, TEC input voltage and heat-dissipation methods on refrigeration performance, primarily referring to the temperature of cool side. In general, the optimal working conditions have been determined, which includes the flow rate of 0.0056 kg/s, the power supply of 2 V and the radiating method of pure water cooler.
Conclusion
Many tests have been implemented on the basis of the water cooler heat dissipation. First, the material of water cooler and the optimal flow rate were carried out, and then the temperature of cold side was recorded while changing the heat-dissipation ways and TEC input voltages. The results can be concluded as follows:
(1) For two different water radiators, the aluminum water-cooled radiator was viewed as the optimal choice for the refrigeration garment; For the semiconductor refrigeration garment, the optimal working voltage was 2 V.
(2) The temperature reduced with the flow rate increasing, but their mutual temperatures were so closed at the rate of 0.0056, 0.0112, and 0.0168 kg/s, which showed a relatively significant decrease at the rate of 0.0224 kg/s. However, the flow of 0.0056 kg/s was the optimal choice under the experimental conditions (3) Among the four different combinations of cooling methods, the effect of a combination of water cooler and radiating film was the best, whereas the combination of water cooler and fan was the worst. However, water cooling was regarded as the best choice under the experimental conditions.
